Rationale Tumor necrosis factor-α (TNFα) acts within the brain to induce sickness behavior, but the molecular mechanisms are still unknown. TNFα binding induces receptor trimerization, activation of c-Jun N-terminal kinase (JNK), and induction of downstream transcription factors. Objectives We hypothesized that TNFα-induced sickness behavior can be blocked by a novel JNK inhibitor. Methods To test this idea, we used a bipartite protein consisting of a ten-amino-acid sequence of the trans-activating domain of the viral TAT protein (D-TAT) linked to a 19-aminoacid peptide that specifically inhibits JNK activation (D-JNKI-1). C57BL/6J mice were pre-treated intracerebroventricularly (i.c.v.) with D-JNKI-1 or the control peptide containing only the protein transduction domain, D-TAT. Mice were then injected centrally with an optimal amount of TNFα (50 ng/ mouse) to induce sickness behavior. Sickness was assessed as a decrease in social exploration of a novel juvenile, an increase in duration of immobility and loss of body weight. Results Pre-treatment with D-JNKI-1 (10 ng/mouse), but not D-TAT, significantly inhibited all three indices of sickness induced by central TNFα. Conclusions These findings demonstrate that D-JNKI-1 can abrogate TNFα-induced sickness behavior and suggest a potential therapeutic target for treating major depressive disorders that develop on a background of cytokine-induced sickness behavior.
Introduction
Originally identified as a secretory product of macrophages, TNFα is now known to be synthesized by microglia in the brain where its expression is associated with a number of behavioral responses (Fiore et al. 1996 (Fiore et al. , 1998 . TNFα binds to two distinct receptors, the 55 kDa TNF-R1 and the 75 kDa TNF-R2 (Vandenabeele et al. 1995) . TNFα binding trimerizes either receptor and recruits adaptor proteins such as TNF-R-associated factor-2. This action initiates a plethora of signaling cascades, including activation of nuclear factor (NF)-кB, p38 mitogen-activated protein kinase (MAPK), c-jun N-terminal kinase (JNK), caspases, and sphingomyelinases O'Connor et al. 2008b) . Despite well-characterized receptors and identification of several intracellular signaling intermediates, the molecular details that lead to TNFα-induced sickness behavior remain unknown. Intracerebroventricular (i.c.v.) administration of either human or murine TNFα into mice causes a reduction in social interaction of a novel juvenile, an increase in immobility, a decrease in food intake, and a loss of body weight (Bluthe et al. 1994 (Bluthe et al. , 2000 . Murine TNFα acts on neurons through TNF-R1 (Yang et al. 2002) , which indirectly links TNF-R1 to the behavioral responses. Although human TNFα is an agonist of only TNF-R1 in mice, it fully induces sickness behavior in this species (Bluthe et al. 1991) . This finding directly implicates TNF-R1 in sickness behavior. Furthermore, mice lacking TNF-R2 are fully responsive to murine TNFα (Palin et al. 2007 ), which strongly supports signaling through TNF-R1 as a requirement for TNFα-induced sickness behavior. Recent findings support the hypothesis that TNFα-induced JNK activation via TNF-R1 likely plays an important role in neuroinflammation (Borsello et al. 2003; Bubici et al. 2004; Waetzig et al. 2005) , the reduction in food intake (Moraes et al. 2006 ) and altered learning and memory (Medeiros et al. 2007 ). Collectively, these data suggest that TNFα-induced sickness behavior is mediated by TNF-R1 and might be blocked by inhibitors of JNK in the brain.
The recent discovery, development, and application of short protein transduction domains, formerly known as cellpenetrating peptides, to deliver much larger cargos into cells is now being exploited in a variety of diseases (Tilstra et al. 2007 ). These proteins can transport peptides, liposomes and oligonucleotides across cell membranes, thereby providing a new and powerful technique to regulate distinct intracellular events and link specific pathways to discrete physiological outcomes. One of these reagents, D-JNKI-1, is coupled to the arginine-rich HIV Tat protein. D-JNKI-1 readily crosses cellular membranes and then directly and specifically blocks JNK activation (Kuan and Burke 2005; Repici and Borsello 2006) . We recently demonstrated that when used in vitro, activation of JNK by TNFα is completely blocked by D-JNKI-1, thereby preventing TNFα from inhibiting cellular differentiation . We hypothesized that this same JNK inhibitor, when given centrally, would also act in vivo to prevent the development of TNFα-induced sickness. Experiments reported here confirm this hypothesis and demonstrate for the first time that a specific JNK inhibitor coupled to a protein transduction domain can be used to block sickness behavior induced by central TNFα.
Materials and methods
Animal housing C57BL/6J male mice, 6 weeks of age at arrival (Charles River Laboratories), were maintained in polycarbonate transparent cages with corn cob litter in a temperature (23± 1°C) and humidity (40%) controlled room. This room was maintained on a 12-12 h light/dark cycle (lights off at 09:00 h). The mice were group-housed in cages (40×25× 15 cm) under these conditions for 1 week prior to surgery. Two weeks later, the treatments were initiated. Animals had free access to food and water. Juvenile male Crl:CD1(ICR) BR mice (3-4 weeks of age; Charles River Laboratories) were used to provide stimuli for the social investigation behavioral paradigm. Animal protocols were approved by the Institutional Animal Care and Use Committees.
Surgical procedures
Mice were anesthetized with a mixture of ketamine and xylazine (i.p., 13 mg/kg and 0.9 mg/kg body weight, respectively). Animals were placed in a Kopf stereotaxic instrument (Tujunga, CA) and surgically implanted unilaterally with a stainless-steel guide cannula (23-gauge, 7 mm length) 0.6 mm posterior and 1.5 mm lateral of the bregma and to protrude 2 mm below the skull surface at the point of entry, which was 1 mm above the lateral ventricle (Paxinos and Franklin 2001) . Mice were allowed to recover for two weeks prior to initiation of behavioral tests, so mice were tested at approximately 9 weeks of age. Cannula placement was confirmed by injection of India ink at the conclusion of each experiment. The brain of every mouse was then removed, sliced, and the site of injection was verified.
Treatments
Treatments were administered to non-anesthetized animals over 90 s in a volume of one microliter via a 30-gauge needle placed through the guide cannulae into the lateral ventricle. Treatments were administered within 1 h of initiation of the dark phase, which permitted the behavioral tests to be performed during the dark. All reagents were reconstituted in artificial cerebrospinal fluid (aCSF; NaHCO 3 26.2 mM; glucose 10 mM; NaCl 120 mM; Na 2 HPO 4 1 mM; KCl 2.5 mM; MgCl 2 1 mM; CaCl 2 2.5 mM), and aCSF was used as the control. The proteaseresistant all-D-retroinverso stereoisomer inhibitor of JNK, D-JNKI-1, is a peptide that contains a 19-amino-acid inhibitory peptide derived from the functional JNK-binding domain of JNK interacting protein (JIP, (D)-hJIP ). Cell permeability of the inhibitory peptide is achieved by the covalently linked ten-amino-acid protein transduction trans-activating domain of the viral TAT protein ). The bipartite protein contains two proline residues to link the two domains and to act as spacers to allow maximal flexibility (GRKKRRQRRR-PP-RPKRPTTLNLFPQVPRSQD-amide). D-JNKI-1 and D-TAT were prepared in aCSF. Two behavioral experiments using D-JNKI-1 were conducted, the first being a doseresponse experiment for D-JNKI-1. Specificity of D-JNKI-1 action was then confirmed in a second experiment using one dose of D-JNKI-1 and the same dose of control peptide. The inactive inhibitor control peptide, D-TAT, is composed of only the ten-amino-acid TAT protein transduction sequence. D-JNKI-1 and D-TAT (Axxora, San Diego, CO) were administered 1 h before TNFα administration. An optimal amount of recombinant murine TNFα (50 ng i.c.v.; R&D Systems Inc., Minneapolis, MN) that induces sickness behavior was previously established in dose-response experiments with both CD1 ) and C57BL/6J mice (Palin et al. 2007 ). The mice used to collect body weight and behavioral measurements were the same. Mice were treated only once with TNFα.
Behavioral measurements
Prior to initiation of experiments, C57BL/6J mice were handled for 5 min each day for one week. Mice were individually housed in polycarbonate transparent cages (26×20×14 cm) for 24 h prior to administration of treatments. Three well-established criteria were used to quantify sickness: (a) Duration of social exploration directed towards a novel juvenile during the first 4 min following introduction of the juvenile into the home cage of the treated mouse, as previously described (Crestani et al. 1991) . Treated mice were exposed to different juveniles across time; (b) length of time the test animal remained immobile during this 4 min observation period, and (c) change in body weight over a 6-h period following treatment. Behavioral observations were recorded using a video camera under red light illumination between 09:00 h and 17:00 h (dark phase) and scored by a trained observer blinded to the experimental treatments. Behavior was recorded 2, 6, and 24 h after treatment with TNFα.
Experimental design and statistical analysis
Mice were treated with D-JNKI-1 or D-TAT in a completely randomized design. Behavioral data were analyzed by a three-way ANOVA with pre-treatment (aCSF, D-TAT or D-JNKI-1 at 5 ng or 10 ng) and treatment (aCSF or TNFα) as between-subject factors, and time as a within-subject factor. Change in body weight was analyzed at 6 h after TNFα injection by a two-way (pre-treatment×treatment) ANOVA. Post-hoc comparisons were conducted with the protected LSD. Results were presented as means±SEM; n=6 for all data points.
Results
The reduction in social exploration caused by central TNFα is blocked by D-JNKI-1 Mice were pre-treated i.c.v. with D-JNKI-1 (5 and 10 ng) 1 h prior to treatment with TNFα (50 ng). The mean duration of social exploration ranged from 118±5 s to 133± 6 s (time 0) for the six treatment combinations (Fig. 1a) . As expected, TNFα given i.c.v. decreased duration of social exploration in a time-dependent manner (treatment×time: F (3,90)=22.0, p<0.001) and this reduction was abrogated by the JNK inhibitor at 10 ng by not at 5 ng (pre-treatment× treatment×time: F(6,90)=3.4, p<0.01). Post-hoc comparisons demonstrated that duration of social exploration did not change over time when mice were given aCSF i.c.v. (Fig. 1a) . When TNFα was given centrally, duration of social exploration was significantly reduced at both 2 and 6 h, returning to baseline at 24 h. The ability of TNFα to decrease social exploration was blocked by D-JNKI-1 at 10 ng but not 5 ng.
To confirm the specificity of D-JNKI-1 activity, mice were pre-treated with aCSF, the control peptide D-TAT (10 ng), or D-JNKI-1 (10 ng) prior to treatment with TNFα (50 ng). In Fig. 1b , the average baseline (time 0) for duration of social exploration ranged from 129±3 s to 143±3 s for the six treatment combinations. TNFα decreased social The increase in immobility caused by TNFα is prevented by D-JNKI-1 Mice were pre-treated i.c.v. with aCSF or D-JNKI-1 (5 or 10 ng) prior to treatment with TNFα. No immobility was observed at time zero (Fig. 2a) . TNFα increased immobility in a time-dependent manner (treatment×time: F(3,90)= 43.6, p<0.001) and this effect was attenuated by D-JNKI-1 in a dose-dependent manner (pre-treatment×treatment× time: F(6,90)=6.61, p<0.001). In the absence of TNFα, mice remained fully active during each test period (no immobility). As expected, TNFα alone increased duration of immobility at 2 and 6 h. This increase was inhibited by 10 ng, but not 5 ng, of D-JNKI-1.
Specificity of the inhibition caused by D-JNKI-1 was confirmed in a second experiment in which D-JNKI-1 was compared with its control peptide, D-TAT (Fig. 2b) . TNFα again induced immobility in a time-dependent manner (treatment×time: F(3,90)=179.0, p<0.001). The increase in immobility was inhibited by D-JNKI-1 (10 ng) but not by D-TAT (10 ng; pre-treatment×treatment×time: F(6,90)= 22.9, p<0.001). As in Fig. 2a The ability of D-JNKI-1 to depress TNFα activity is exciting because of its novel nature. D-JNKI-1 may well represent a future generation of behaviorally-active therapeutic agents. The use of protein transduction domains to introduce regulatory peptides into cells remains a relatively new field of investigation (Becker-Hapak et al. 2001; Chauhan et al. 2007) . Although current limitations do not permit targeting specific cell types, the ability to introduce sequence-specific peptide inhibitors or even other types of cargo into cells that act as agonists or antagonists of specific intracellular targets lends a high degree of targeting specificity rarely accomplished with conventional drugs. Additionally, the use of TAT or other, perhaps more efficient, protein transduction domains to transport cargo into cells avoids the laborious and inefficient use of transfection expression vectors or microinjection (BeckerHapak et al. 2001) . We initially used D-JNKI-1 to block TNFα inhibition of cell differentiation in vitro . Similar to the work presented in this manuscript, D- comparing TNFα+D-JNKI-1 to TNFα within time JNKI-1 was able to block TNFα activity in vitro and in vivo, demonstrating the efficacy of this agent and technique. Most importantly, in both our in vivo and in vitro systems, the control peptide was without effect, attesting to the specificity of the technique. The use of this approach in a number of biological models, including cancer, cardiac function, and inflammation (Chauhan et al. 2007; Gustafsson et al. 2005; Wadia and Dowdy 2005) , attests to the vast potential of this method. One extension of the current work would be the use of this technique with other behavior models, including depressive-like behavior.
The behavioral effects caused by i.c.v. administration of TNFα in C57BL/6J mice are similar to those previously reported with outbred CD-1 and inbred DBA2 mice (Bluthe et al. 1991 (Bluthe et al. , 1994 . However, the molecular mechanisms involved in TNFα-induced sickness behaviors have not yet been reported in any strain of mice. TNFα initiates a variety of signaling cascades downstream of both the TNF-R1 or TNF-R2 (MacEwan 2002) . By comparing TNF-R2-deficient and wild-type mice, we recently established that in the absence of TNF-R2, mice are fully responsive to central TNFα induction of sickness behavior (Palin et al. 2007 ). These new findings strongly implicate the involvement of TNF-R1 in sickness behavior. The data in this manuscript significantly extend these recent findings and are the first to directly demonstrate that inhibition of JNK, a key signaling molecule downstream of TNF-R1 , prevents sickness behavior induced by central TNFα. Although these data are the first to establish that D-JNKI-1 acts in vivo to block centrally-induced sickness behavior, it is not yet clear which cell types are involved in proinflammatory cytokine induction of sickness behavior. For example, IL-1β is known to strongly activate c-fos in non-neuronal cells, and this activity is correlated with the induction of sickness behavior (Nadjar et al. 2005) . However, no direct evidence yet exists to prove that glial activation is the cause of IL-1β-induced sickness behavior. Conversely, neurons may play a more critical role than glia in induction of sickness behavior by TNFα since TNF-R1 is strongly expressed in neurons, whereas TNF-R2 is primarily localized to glia (Bette et al. 2003; Pradillo et al. 2005) . This receptor distribution is maintained in vitro, wherein neurons, but not astrocytes, express abundant TNF-R1 (Figiel and Dzwonek 2007) . Indeed, central TNFα causes sickness behavior in TNF-R2-deficient mice (Palin et al. 2007 ) and human TNFα, which does not activate murine TNF-R2, fully induces sickness in mice (Bluthe et al. 1991) . Collectively, these findings suggest that TNFα may act directly on neurons via TNF-R1 to activate JNK followed by the induction of sickness behavior. Future experiments are needed to confirm the site of action responsible for TNFα-induced sickness behavior.
The rapid induction of sickness behavior by central TNFα suggests a direct mode of action. This is particularly true since TNFα is able to induce sickness behavior in IL-1R1 KO mice (Bluthe et al. 2000) . Although these data indicate that IL-1β is not required to induce sickness behavior, this does not rule out the possibility that TNFα may induce the production of other cytokines within the brain that mediate behavioral changes ).
Additional models need to be tested to clarify the molecular mechanisms by which cytokines induce sickness. In addition to its involvement in sickness behavior, JNK is frequently implicated in central events associated with TNFα signaling. For example, TNFα acts within the hypothalamus to depress food intake, and this physiologic response requires nitric oxide synthesis which is associated with an elevation in JNK activity (Moraes et al. 2006) . Furthermore, inhibition of JNK activity diminishes excitotoxic neuronal loss associated with ischemic brain insults (Borsello et al. 2003; Repici et al. 2007) . In an Alzheimer's disease model, D-JNKI-1 prevents β-amyloid-induced apoptosis of cortical neurons and suppresses the inhibition of long-term potentiation (Minogue et al. 2003) . In addition, regulation of JNK activation in hypothermia serves as a possible neuroprotective event following moderate fluid-percussion traumatic brain injury (Lotocki et al. 2006 ). These findings demonstrate that JNK is implicated in the pathophysiology of a plethora of neuroinflammatory and neurodegenerative diseases and that regulation of JNK activity has promising therapeutic clinical implications (Manning and Davis 2003) .
Major depressive disorders and depressive-like behaviors can develop on a background of cytokine-induced sickness behavior Dantzer and Kelley 2007; Dantzer et al. 2008a, b; O'Connor et al. 2008a) . Indeed, in patients with major depressive disorders, a reduction in serum TNFα is directly correlated with psychopathological improvement (Lanquillon et al. 2000) . Whether sickness behavior and depression utilize the same TNFα-dependent intracellular signaling events is not yet known. A better understanding of the role of key signaling mediators like JNK in sickness behavior, depression, and a variety of neurological disorders could aid the development of novel pharmacological agents that might be used to treat these inflammation-associated disorders.
